Object. The Cambridge Shunt Evaluation Laboratory was established 20 years ago. This paper summarizes the findings of that laboratory for the clinician.
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H ydrocepHalus encompasses a range of conditions with an array of clinical symptoms, abnormal brain imaging, and derangements to CSF flow. 26 Shunting of CSF is one of the main treatment options. According to the International Organization for Standardization ([ISO] 7197; a standard that specifies the safety and performance requirements of shunts for hydrocephalus), a shunt is defined as an artificial connection between 2 compartments in the body, and a number of different shunt technologies are currently in clinical use (http://www. iso.org/iso/catalogue_detail.htm?csnumber=38403). The shunt treatment industry has grown rapidly and had reached US $1B/year in 2005. 19 Despite significant progress in the technology of shunting, recent studies have shown that shunt survival has not improved since the 1960s, 25 and that shunt revision rates have not improved despite the advent of adjustable shunts, 17 although more recent evidence suggests improvement in revision rates in adult patients with these types of shunts. 22 The recent example of Poly Implant Prothèse (PIP) breast implants 13 emphasizes the importance of objective testing of implantable devices. In addition to such safety issues, a detailed knowledge of the hydrodynamic properties of shunts is helpful for a number of reasons. First, it is important to recognize that the properties of a shunt may influence patient response to CSF shunting. It may also influence the choice of shunt; it is increasingly recognized that matching the patient's individual CSF hydrodynamic properties to that of the shunt may yield better outcomes and decrease complications. 7, 27 Additionally, this information provides a basis for the testing of in vivo shunt function when patients present with shunt problems and complications. 21 More than 2 decades ago, Aschoff and colleagues 3, 15 Hydrocephalus shunt technology: 20 years of experience from the Cambridge Shunt Evaluation Laboratory established the first shunt evaluation laboratory in Europe, in Heidelberg, Germany. The Cambridge Shunt Evaluation Laboratory was established by the senior author (Z.H.C.) and based on the experience of a medical student, Helen Adams, at the Wessex Neurological Centre, and a prototype of the first computer-controlled "rig" was constructed in Cambridge in 1992. 11 The laboratory was established thanks to a grant from the Department of Health, and over 20 years, 26 shunts have been evaluated using the ISO 7197 standard protocol. Under the initial grant (1993) (1994) (1995) (1996) (1997) (1998) , all shunts in use in the United Kingdom (UK) (16 types) were systematically evaluated, with "blue reports" printed by the Medical Devices Agency. New devices were tested as they appeared in the marketplace (or as prototypes or subsequent major redesigns of previously tested shunts), and these results have been published in the scientific press. This study updates these earlier findings [5] [6] [7] [8] with data from newer shunt models, and summarizes these results in comparative tables. As our understanding of the pathophysiological mechanisms behind various types of hydrocephalus improves, it is hoped that these data will be useful to the clinician in deciding which shunt to use and how to assess its performance in vivo, 9,14 on a case-by-case basis.
Methods
Eighteen fixed-pressure and 8 adjustable hydrocephalus shunts (Table 1) have been tested in the Cambridge Shunt Evaluation Laboratory based on an expanding ISO 7197 standard since 1995.
The hydrocephalus shunt testing rig has been described in detail in previous studies 5, 6 and is illustrated in Fig. 1 . Measurement was controlled by a standard IBMcompatible personal computer with software designed in-house, which precisely measures flow through the shunt and differential pressure. All samples used in the evaluation program were provided by manufacturers and were sterile and in the original packages. Three shunts of the same type were filled with deionized and deaerated water and mounted in 3 identical rigs. Pressure-flow performance curves were tested over a minimum of 28 days. The performance of shunts in altered conditions was subsequently studied. These included changing both the outlet level (23 cm, according to the ISO 7197 standard) and the depth at which the valve was submerged in the water tank (between 1 cm and 10 cm, reflecting variable external pressure); influence of a distal drain; bath temperature; pulsatile component of inlet pressure; and presence of small particles in the reagent (small red cell [10-mm] and larger tissue [25-mm] 
debris).
With these maneuvers we were able to determine whether the shunt was susceptible to undesired alterations in CSF drainage after implantation. The valve's durability was tested by comparing the pressure-flow performance at the beginning and end of the protocol, which took approximately 40 days and involved daily testing as recommended by the international standard. In addition, the durability to shock waves of up to 200 mm Hg (simulating the maximal CSF pressure increase provoked by coughing), reversal pressure of the same magnitude, and behavior in a static magnetic field (low-field magnets [10-150 mT] shifted above the valve and MRI studies) were also tested.
For every shunt tested, operating pressure for a flow rate of 0.3 ml/min (equal to CSF formation rate) with a full-length distal catheter and hydrodynamic resistance for completely opened valve (with and without distal catheter) were measured, the clinical implications of which are described in the discussion.
Hydrodynamic resistance was defined as and calculated by assessing the increment in differential pressure with increments of steady flow through the shunt within a range of 0.2-0.8 ml/min; it is expressed using the units "mm Hg/(ml/min)." This can be calculated for pressures greater than the valve opening pressure and is a well-defined parameter for valves with a relatively linear pressure-flow performance curve. This value can then be compared with physiological resistance to CSF outflow of 5-10 mm Hg/(ml/min).
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For every shunt and every performance level, socalled critical pressures were calculated. These are the thresholds above which, in an adequately functioning shunt, pressures should not increase during a constantrate infusion study. Critical pressures were measured as operating pressures (increased by 5 mm Hg: credit for averaged abdominal pressure for nonobese patients in horizontal position) for constant flow through through the valve with distal catheter, mimicking infusion study flow rates of 1 ml/min and 1.5 ml/min.
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All results presented in the tables are means of the 3 valves tested in each rig. All valves had similar results reproduced with each one, and any instances of discrepancy between the 3 valves tested are clearly indicated.
Results
All data included in this section are results of experiments performed in the Cambridge (UK) Shunt Evaluation Laboratory over the last 20 years.
The 26 valves are shown in Table 1 along with their functional mechanisms, which are elucidated as follows: 11 1) "classic differential"-valve when opened according to differential pressure (inlet minus outlet) presents lowresistance channel for CSF drainage; 2) "adjustable"-as above, plus opening pressure may be adjusted in vivo by external magnet; 3) "gravitational"-classic differential valves that change shunt's performance (increase opening level) in vertical body position (these may be fixed pressure or adjustable); and 4) "flow regulating"-not pressure but flow through the valve is stabilized, usually matching average CSF production rate (0.35 ml/min).
Some shunts are integrated with siphon-preventing devices: membrane, gravitational, or flow regulating. Valves themselves may have different constructions: ball on spring, silicone membrane, miter, distal slit, or proximal slit.
Basic hydrodynamic parameters, including so-called critical pressure levels for shunt testing in vivo (see Methods for definition) are shown in Table 2 . For the adjustable valves with pressure levels (operating pressures for flow 0.3 ml/min) and critical pressures that can be expressed as a linear function of setting, the relevant formulae are shown in Table 3 . General findings are discussed in summary below.
Pressure-Flow Performance
For different construction mechanisms pressure-flow performance curves may have different shapes, from completely linear (above opening pressure) to absolutely nonlinear (for example flow-regulating valves like the Orbis Sigma or the Diamond). Convergence of pressure-flow measurement points forming the performance curve is better in ball-on-spring valves than in silicone-membrane valves in long-term evaluation. In some valves wide hysteresis of the performance curve can be noticed, suggesting that measured differential pressure is dependent on direction of the change of flow (increasing or decreasing) through the shunt (Fig. 2) . Silicone-membrane valves show particularly significant hysteresis, whereas ball-onspring valves are less susceptible.
Hydrodynamic Resistance
This characteristic could not be evaluated for the Orbis Sigma or Diamond valves, which are flow-regulating valves, having theoretically infinite resistance within the flow-regulating operational range. The majority of the shunts show low resistance to flow (as low as 1.05 mm Hg/[ml/min]; see Table 2 ), which is substantially lower than physiological resistance to CSF outflow and is likely to result in overdrainage of CSF. Exceptions are the Medtronic Lumboperitoneal Shunt, the Codman Uni shunt, the SinuShunt, and, to some extent, the Holter Valve, the latter two of which have been discontinued. The resistance of the Unishunt, however, may be strongly affected by conditions at the distal end (that is, in the peritoneal cavity).
Influence of Pulse Amplitude of Inlet Pressure (Intracranial Pressure)
Any repetitive variations of proximal pressure have a tendency to decrease the nominal operating pressure of shunts with unidirectional valves. This may lead to overdrainage in situations in which there is a high respiratory magnitude or regular vasogenic intracranial pressure (ICP) waves (B waves 26 ).
Influence of a Distal Catheter
Long distal catheters increase resistance of the majority of classic differential valves toward normal physiological values. It is important to remember that the resistance of a catheter is the inverse of the fourth power of its inner diameter, and it is directly proportional to its length (Poiseuille law). Therefore, a 1-m-long catheter with a 1-mm inner diameter has a resistance of approximately 4 mm Hg/(ml/min), whereas a similar-length catheter of 1.2-mm inner diameter has a resistance of approximately 2 mm Hg/(ml/min). By comparison, the resistance of the typical ventricular catheter is no greater than 1 mm Hg/ (ml/min).
Overdrainage of CSF
Negative outlet pressure decreases operating pressure by the same value in all valves without a siphon-preventing mechanism, with the exception of Orbis Sigma and Diamond valves. When the resistance of the shunt system is low (4-6 mm Hg/[ml/min]), a negative outlet pressure of -15 mm Hg may accelerate the drainage rate to a nonphysiological value of 2-4 ml/min. Overdrainage may also occur when a low-resistance valve is subjected to pulsatile pressure (exceptions are Orbis Sigma, Diamond, and valves fitted with Codman SiphonGuard). Another rarely mentioned cause of overdrainage may be "pumping" of the proximal reservoir of the shunt (Fig.  3) , which may be performed in emergency departments when shunt dysfunction is suspected.
Influence of Devices Preventing Overdrainage
These devices may be integrated with valves or chosen as accessories for shunt systems. Membrane devices may be blocked by external pressure, as shown below. Membrane and gravitational devices prevent only posture-related overdrainage. Flow-regulating devices, like SiphonGuard or Orbis Sigma valves, reduce overdrainage related to both posture and nocturnal vasocycling (spontaneous changes in CSF pressure overnight related to fluctuations either in arterial blood pressure or cerebral blood flow). However, they may result in raised ICP if the CSF formation rate is greater than 0.3 ml/min (Orbis Sigma), or when the device is "locked" in a high resistance state (SiphonGuard). This peculiar behavior of "flow regulators" is not always well reflected in shunt documentation.
External Pressure
All valves with membrane siphon-preventing devices are sensitive to external pressure. The external pressure (x) exerted by tense skin or scar on the skin increases operating pressure of the valve by a value of x. It means Fig. 1 . Diagram of the shunt testing rig. The shunt being tested is submerged in a water bath at a constant temperature at a defined depth (h). The working fluid (deionized and deaerated water) is supplied by the cylinder or infusion pump. A pulse pressure of controlled amplitude created by the pulse pressure generator can be added to the static pressure. A model of residual resistance to CSF outflow can be added before the device to study the shunt's performance in conditions mimicking the in vivo environment. Pressure before the shunt is measured with a proximal pressure transducer. Fluid flowing through the shunt is collected in a container placed on the electronic balance. Measurement is controlled by a standard IBM-compatible personal computer that reads and zeroes the balance periodically (every 15 seconds) to calculate the flow rate. This enables us to measure the weight of the outflowing fluid incrementally, which cancels the influence of fluid vaporization from the outlet container. The computer analyzes the pressure waveform from the pressure transducer and controls the rate of the infusion pump. The effects of changes in atmospheric pressure are compensated by using the atmospheric pressure transducer. Three-way stopcocks enable switching between different branches of the testing tubing. ICM is a software program. Table 3 see Table 3 see Table 3 Polaris Table 3 see Table 3 see Table 3 Strata adj (5 levels) 1.7 2.8 see Table 3 see Table 3 see Table 3 Strata NSC 0. Table 3 see Table 3 see Table 3 Certas adj; 7 levels w/o SiphonGuard 1.37 5.1 see Table 3 see Table 3 see Table 3 1 w/ SiphonGuard 3.1 7.2 see Table 3 see Table 3 see Table 3 * Horiz = horizontal; med =medium; NA = not applicable; vert = vertical. † Critical levels for testing in horizontal position.
that scar over a membrane-type antisiphon device that increases pressure on the device's membrane makes the shunt drain less than it would if there were no scar over the device. This a static change.
Valve Adjustability
All adjustable valves can be reset in vivo by applying an external magnetic field. Most valves cover a range of operating pressures from 0 to 20 cm H 2 O (0 to 15 mm Hg). The number of steps varies from 5 to 20 (Fig. 4, Table 3 ). In almost all valves the levels are equally spaced, except for the Codman Certas Valve, in which the last (8th) step is very high (above 40 cm H 2 O), with the intention of switching off the valve in vivo. In all valves except the Codman Hakim Adjustable Valve, verification of the setting may be conveniently performed without the need for imaging, by using an external compass placed over the valve. Both measurement and adjustability may be affected if the valve rotates under the skin.
External Magnetic Field
Magnetic fields can have an undesirable influence on adjustable valve settings. The Sophy, Strata, and CodmanHakim Adjustable valves can be readjusted by relatively weak fields (approximately 40 mT). Newer valves (Polaris, ProGAV, ProSA, and Certas) have mechanisms intended to prevent accidental readjustments, even in MRI machines (up to 3T). All new valves tested were safe in MRI units up to 3T (translational and torque forces are safe, and heating is minimal [< 1°C]), but cause significant distortion of the MR image. An MR imaging study of the brain may therefore be unhelpful in these patients; however, MRI of other areas is possible.
Particulate Matter
Small particles (10 mm, mimicking red blood cells) in the reagent tend to increase shunts' resistance or block them permanently. Large particles (25 mm) can block shunts, but commonly tend to open them permanently (suspend the balls above surface of cone or the membrane above the outlet orifice-see Fig. 5 ). However, it is not clear whether microspheres mimic the presence of particles in CSF.
Temperature Variations
Variations in temperature (30°C-40°C) have no meaningful effect on shunt functioning.
Reflux of CSF
Reflux was not seen in any of the tested valves.
Junction Stability
All junctions were free from leaks and breaks when tested according to the ISO standard.
Accompanying Documentation
Booklets are provided with shunts as a standard. They differ widely, particularly in the selection of technical parameters provided. Values or ranges of operating Table 2 see Table 2 see Table 2 Hakim Adjustable: operational pressure may be programmed proportionally to the position of the magnet-driven rotor from 3 to 20 cm H Table 2 see Table 2 see Table 2 see Table 2 ProGAV: settings from 0 to 20 cm H Table 2 NA NA * Recalled by manufacturer. pressures are usually provided. Hydrodynamic resistance is never provided, and usually the term "resistance" is confused with opening or operating pressure. Tables 2 and 3 provide a concise summary of data from our evaluation of 18 fixed-pressure and 8 adjustable shunts at the Cambridge Shunt Evaluation Laboratory. The data validate and expand on the details supplied by the manufacturers. These data are useful in clinical practice in a number of different circumstances.
Discussion

Summary and Clinical Relevance of Results
The first and currently most relevant clinical application of laboratory data is in interpretation of in vivo shunt testing. The "critical pressure" for various infusion rates 4, 15 and the hydrodynamic resistance can be compared with results of infusion tests into shunt prechambers described previously 8, 16, 21, 26 to assess potential for shunt dysfunction. A constant-rate infusion test performed into shunt prechamber or lumbar space can reveal whether a shunt is fully patent, or partially or fully blocked. During such a test, with a 1-1.5 ml/min constant infusion, a "critical level" of pressure should not be exceeded (Fig. 6 ). This level can be expressed by a formula for shunts that have a linear pressure-flow performance curve (for levels above the valve's opening pressure): critical pressure (mm Hg) = operating pressure (mm Hg) + (resistance × infusion rate) + 5 mm Hg.
This so-called critical pressure has previously been shown to be the best guide for shunt functioning, with a > 90% positive predictive value. 8 It is evaluated under the assumption that abdominal pressure is not more than 5 mm Hg. In obese patients or pregnant women, this value should be increased accordingly. 23 For shunts with "nonlinear" performance curves (for example Orbis Sigma or Diamond valves) the formula above does not apply.
A software package commonly used in our unit for monitoring, ICM+ (www.neurosurg.cam.ac.uk/icmplus), contains a full database created from these tests and performs the comparisons semiautomatically.
The other clinical applications, namely in the diagnosis of hydrocephalus and use of the hydrodynamic properties of the patient and shunt to guide shunt choice, are novel concepts that require further investigation prior to routine clinical use. However, the library of postmarketing surveillance data provided by the Cambridge Shunt Evaluation Laboratory will be helpful in evaluating these hypotheses and trying to improve outcomes in patients with hydrocephalus.
The point about the utility of MRI studies is particularly important to note in the context of shunt malfunc- tion, especially given the recent evidence that shunt surveillance decreases unscheduled visits to the emergency department and clinic. 4 Despite the advent of new lowdose protocols for CT evaluation of shunts, 14 the impact of CT scans on the incidence of leukemia and brain tumors 20 makes the ability of a shunt to be evaluated using the MRI modality crucial to the future of shunt development.
Study Limitations
The methodology is not without its shortcomings. The system created here aims to model the conditions in vivo, but given the limited and rapidly progressing understanding of CSF hydrodynamics in health, the model may not accurately reflect the in vivo situation in health and disease. For example, many of the measurements are made at steady state. Recent findings suggest that ICP fluctuates according to respiration and with vasogenic waves (accounting for nocturnal vasogenic cycling), and although these were tested for and possibly account for part of the overdrainage experienced in vivo, the integration of this into the model might alter the measurements of hydrodynamic resistance or opening pressure to reflect the behavior in vivo more accurately.
Although efforts at in vivo modeling have been made in a past study, 21 the main limitation of the present study is the lack of data correlating these in vitro approaches to actual shunt function in vivo.
It is also worthwhile to stress that the methodology used in our shunt laboratory is only one of multiple possible options for shunt testing. Other laboratories using different methods may produce equally precise or better results. In general, any independent testing of the properties of shunts seems to be useful in improving understanding of the management of hydrocephalus.
The Past, Present, and Future of Shunt Treatment
Shunt placement for the treatment of hydrocephalus is a relatively recent concept, with the first effective shunts being reported by Nulsen and Spitz in 1951. 18 Since then the industry has grown considerably, with more than 3000 shunt operations being performed yearly in the UK, according to data from the UK Shunt Registry. Despite significant progress in the technology of shunt treatments, studies have shown that shunt survival has not improved since the 1960s, 25 and that shunt revision rates have not improved despite the advent of programmable shunts, 17 although there is some evidence to show the efficacy of these devices in adults. Table 1 lists all shunts tested in our laboratory over a long span of time. It contains all original prototypes but also designs that were introduced secondarily to improve shunt performance. Some of the types have been discontinued (Holter Valve and SinuShunt). The adjustable Strata Valve has a version without a siphon-control device (Strata NSC), leaving the option for using the shunt without or with another type of siphon-control device. The first adjustable valve historically (Sophy) has been rereleased as the adjustable, MRI-resistant (in terms of accidental readjustment in a strong magnetic field) Polaris valve.
Randomized controlled trials of certain shunts have shown that blockage occurs in 31.4% of patients at 1-year follow-up, whereas overdrainage occurs in 3.5% of patients. 9 These high rates are largely because of our currently limited understanding of the hydrodynamics of CSF in health and disease. It is therefore not known whether the shunt properties are optimal at creating a near-physiological system that is stable over time and stable when subject to a variety of internal and external forces that could potentially alter CSF drainage.
In 2000, Drake and colleagues 10 surmised that 1-year failure rates could be as low as 5% by 2010. Recent data show that we are still some way from achieving this.
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The future of shunt treatment depends on advancements in two main fields. First, it relies on a more in-depth understanding of CSF hydrodynamics, both in health and disease. 24 It also relies on the understanding of the hydrodynamic properties of the shunts themselves. Given recent advances in the mathematical modeling of CSF dynamics, it is reasonable to envision a future in which shunts are selected on a case-by-case basis, choosing the appropriate shunt based on the patient's native CSF hydrodynamic properties and how this might be altered in disease. Current clinical practice suggests that we are still some way off from being able to predict outcomes from a patient's CSF hydrodynamic characteristics 2,28 or shunt choice.
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Unlike pharmacological agents, medical devices are not subjected to the rigors of the clinical trial process before introduction to the marketplace. It is therefore important that their performance in the laboratory and in vivo is carefully monitored. Apart from shunt evaluation in the laboratory, an effective way of achieving this is through national registries. The UK Shunt Registry has been active since May 1994, and now holds data on over 65,000 shunt and shunt-related procedures. The valves and shunts currently used in the UK appear to work to the manufacturers' specifications, and hardware failures are rare. Recent years have seen the increased popularity of adjustable valves and the introduction of antibiotic-impregnated catheters. The performances of both of these products are continuously being evaluated by the UK Shunt Registry 22 and, in combination with these data from the Cambridge Shunt Evaluation Laboratory, should provide robust data on the efficacy of various shunt systems in specific pathophysiological circumstances.
Conclusions
The behavior of a valve revealed during testing may not be adequately described in the manufacturer's product information. The results of shunt testing are useful both in the choice of shunt and during shunt evaluation when a patient presents with shunt dysfunction.
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